Mechanisms consistent with long-term depression in the perirhinal cortex (PRh) play a fundamental role in object recognition memory; however, whether AMPA receptor endocytosis is involved in distinct phases of recognition memory is not known. To address this question, we used local PRh infusions of the cell membrane-permeable Tat-GluA2 3Y interference peptide or a scrambled control to block the endocytosis of AMPA receptors during the encoding, consolidation, or retrieval phase of object recognition memory. Tat-GluA2 3Y infusion before the encoding and consolidation phases did not alter recognition memory. In contrast, Tat-GluA2 3Y infusion prior to the retrieval phase disrupted object recognition memory. The present results indicate a distinct role for AMPA receptor endocytosis in the retrieval of visual recognition memory.
Memory for objects and events plays an integral role in how an organism experiences its environment. Such memories depend on processing in a number of brain areas, especially those of the medial temporal lobe (Squire et al. 2004) . Several lines of evidence suggest that memory for previously encountered objects requires activity in the perirhinal (PRh) cortex (Brown and Aggleton 2001; Yonelinas 2001; Pihlajamaki et al. 2004; Eichenbaum et al. 2007 ). For example, lesions of the PRh in both primate and rodent species disrupt object recognition memory, while lesions of other areas, including the hippocampus, spare these discriminations (Meunier et al. 1993; Mumby and Pinel 1994; Ennaceur et al. 1996; Hannesson et al. 2004; Nemanic et al. 2004; Forwood et al. 2005; Winters and Bussey 2005b) . As a result, understanding the neural processes in the PRh mediating recognition memory, especially in regard to the different phases of the memory process, are of considerable interest.
Mechanisms consistent with long-term depression (LTD) in the PRh are proposed to play a fundamental role in object recognition memory (Brown and Bashir 2002; Massey and Bashir 2007; Massey et al. 2008; Collingridge et al. 2010) . Perirhinal neurons reduce their responsiveness following repetitive exposure to visual stimuli (Fahy et al. 1993; Xiang and Brown 1998; Brown and Bashir 2002) . Long-term depression has been consistently demonstrated in PRh slices where its induction depends on several different receptor types, including NMDA receptors, metabotropic glutamate receptors (mGluR), muscarinic acetylcholine receptors (mACh), and L-type voltage-dependent calcium channels (VDCC) (Cho et al. 2000; Warburton et al. 2003; Seoane et al. 2009 ). Importantly, blockade of these receptor types also disrupts object recognition memory (Warburton et al. 2003; Abe et al. 2004; Winters and Bussey 2005a; Barker et al. 2006; Winters et al. 2007; Barker and Warburton 2008; Seoane et al. 2009 ). Recently, Griffiths and colleagues (2008) provided evidence for the involvement of AMPA receptor endocytosis in PRh-dependent object memory using an interference peptide approach. However, as their method involved a viral-mediated expression system, AMPA receptor endocytosis was blocked during the entire recognition memory test, preventing an examination of the involvement of AMPA receptor endocytosis during specific memory phases. Previous work has shown the utility of delivering interference peptides conjugated to the Tat protein either systemically or intracranially to examine the neural mechanisms underlying cognition (Collingridge et al. 2010) . We chose to use the well-characterized peptide Tat-GluA2 3Y (Ahmadian et al. 2004 ) that has been demonstrated to specifically block LTD and the regulated endocytosis of GluA2-containing AMPA receptors in a number of brain areas including the nucleus accumbens (Brebner et al. 2005) , hippocampus (Fox et al. 2007 ), medial prefrontal cortex (Van den Oever et al. 2008) , and amygdala (Kim et al. 2007 ). With a half-life of 4 h, concentrations of the peptide are undetectable in the brain 24 h following infusion (Brebner et al. 2005) . The specificity and transient action of Tat-GluA2 3Y make it suitable for the selective blockade of AMPA receptor endocytosis at discrete phases during a spontaneous recognition memory test (Fig. 1) .
Adult male Long-Evans rats (Charles River Laboratories, Quebec, Canada) were paired and housed in plastic cages with food and water available ad libitum. All experimentation occurred during the light phase of a 12:12-h light/dark cycle (lights on at 0700 h). Experiments were conducted in accordance with the Canadian Council on Animal Care and were approved by the University of Saskatchewan Animal Care and Use Committee. Guide cannulae (23 Ga) were bilaterally implanted above the PRh (AP 24.0 mm; + ML 5.4; DV 27.0 mm on a 10˚angle) (Hannesson et al. 2004) . Infusion placements were confirmed using standard techniques ( Fig. 1C ; Hannesson et al. 2004) . Obdurators (0.033-cm-diameter stainless steel wire) were inserted into each cannula to prevent blockage. Following surgery, subjects were allowed to recover for 7 d.
All behavioral testing procedures closely followed those previously described for object recognition memory (Howland and Cazakoff 2010) . Briefly, testing was conducted in a square openfield arena (60 cm × 60 cm × 60 cm) constructed of white corrugated plastic (Fig. 1A) . Between trials, the arena and objects were wiped with 40% ethanol and a damp sponge. All testing was conducted between the hours of 0800 and 1200. Subjects were handled for 10 min per day over 3 d in the same procedure room used for object recognition testing. Following handling, rats were extensively habituated to the object recognition apparatus for 10 min. In subsequent weeks, rats received one habituation session 24 h prior to the start of testing.
Memory testing consisted of a sample phase and a test phase (4 min each) separated by a 24-h delay (Fig. 1A) . During the sample phase, subjects were placed in the arena and allowed to explore two identical objects (A1 and A2), after which they were returned to their home cages. During the test phase, rats explored an identical copy of the sample phase object (A3) and a novel object (B1). All trials were videotaped using a camera mounted to the ceiling above the arena. Subjects were counterbalanced for sample object and for the side of the box on which the novel object was placed. Testing was conducted over multiple weeks; different object pairs were used for each week, so that rats were never exposed more than once to a specific object pair.
Subjects were separated into two groups related to the timing of the infusion: the encoding/retrieval group (n ¼ 16) and the consolidation group (n ¼ 6). In the encoding/retrieval group, infusions were conducted 1 h prior to either the sample phase or test phase (four tests) (Fig. 1B) . Every rat was subjected to the four different drug/infusion time parameters (control sample infusion, control test infusion, peptide sample infusion, peptide test infusion). In the consolidation group, infusions were conducted immediately following the sample phase (early consolidation; two tests: control, peptide infusion) (Fig. 1B ). Rats were habituated to the infusion procedure as described previously (Hannesson et al. 2004) . For infusions, a needle (30 Ga stainless steel) connected via PE-50 tubing to the infusion pump was inserted into each cannula and 1 mL (0.5 mL/min; 40 ng/mL) of either Tat-GluA2 3Y (YGRKKRRQRRR-869 YKEGYNVYG 877 ) or scrambled peptide (YGRKKRRQRRR-VYKYGGYNE) was delivered into the PRh. Peptides were purchased from GL Biochem Ltd. Previous studies using lidocaine suggest that this volume will affect tissue 0.8-1.3 mm from the infusion site corresponding to areas 35 and 36 of the PRh (Seamans et al. 1995; Tehovnik and Sommer 1997; Hannesson et al. 2004) . In some rats, needles were inserted, but no peptide was delivered. The infusion needles were left in place for an additional minute following the infusion to allow for diffusion, after which rats were returned to their home cages.
Data were scored according to measures previously described (Howland and Cazakoff 2010) . Total exploration times of the objects on a given trial and discrimination ratios (DR), calculated as (time exploring the novel object 2 time exploring the familiar object)/total time exploring both objects, were quantified for each rat. Previous studies suggest that 2 min may be the ideal length for the test trial in a spontaneous object recognition memory paradigm, as novel object preference is reduced after that time (Dix and Aggleton 1999; Clark et al. 2000; Barker et al. 2007) . Given this, we also restricted our analysis to the first 2 min of the test phase. In the consolidation experiment, the data from one animal in the control were removed from the group due to an extremely low DR (20.46), and these data were replaced with the group mean. Analysis showed no order effects of TatGluA2 3Y infusions, or repeated testing (data not shown). Total exploration times for each test were analyzed using repeatedmeasures ANOVA. For test phase data, the DR for each group was analyzed using one sample t-tests (with a comparison value of 0 indicating chance performance), while comparisons between treatments were performed using two-way repeated-measures ANOVA (encoding/retrieval group) or paired sample t-tests (consolidation group). Post-hoc comparisons were made using paired t-tests with a Bonferroni correction (Hannesson et al. 2004) . A P-value of ,0.05 was considered significant for all statistical tests.
Total exploration times are summarized in Table 1 . No significant differences between treatment groups were noted for the encoding/retrieval group (statistics not shown). For the consolidation group, a repeated-measures ANOVA revealed a significant effect of Phase (F (1,5) ¼ 8.096, P ¼ 0.017) but no other significant effects. Inspection of the data revealed that regardless of treatment, subjects explored the objects significantly less during the test phase (29.95 + 2.14 sec) than the sample phase (39.03 + 3.94 sec). Figure 2A displays the DR calculated over 4 min of exploration for treatment groups infused before the sample phase (encoding) or before the test phase (retrieval). Animals receiving a control or scrambled peptide infusion before either the sample or test phases showed robust recognition memory (presample: t (15) ¼ 5.75, P , 0.001; pretest: t (15) ¼ 4.58, P , 0.001). When the rats were infused with the Tat-GluA2 3Y peptide prior to the sample phase, memory remained intact and at a level comparable to the control groups (t (15) ¼ 4.21, P ¼ 0.001) In dramatic contrast, Tat-GluA2 3Y infusion prior to the retrieval phase disrupted memory for the previously encountered object as the rats did Post-hoc analysis revealed that the preretrieval Tat-GluA2 3Y group displayed significantly lower discrimination than all other groups (P , 0.05). Consistent with the results from the 4-min analysis, memory during the first 2 min of the test phase was intact for all animals except for those receiving Tat-GluA2 3Y infusion at retrieval (statistics not shown) (Fig. 2B) . Tat-GluA2 3Y infusions immediately following the sample trial (early consolidation) failed to significantly affect memory when either 4 min (t (5) ¼ 0.01, P ¼ 0.91) (Fig. 2C ) or 2 min (t (5) ¼ 1.68, P ¼ 0.25) (Fig. 2D ) of the test phase were analyzed. One-sample t-tests revealed that control rats showed DRs significantly above chance when 2 min (control: t (5) ¼ 2.44, P ¼ 0.029) or 4 min (control: t (5) ¼ 2.56, P ¼ 0.025) of the test trial were considered. The DR of Tat-GluA2 3Y -treated rats was significantly above chance during the first 2 min of the test phase (t (5) ¼ 3.84, P ¼ 0.012) but not if all 4 min were considered (t (5) ¼ 1.54, P ¼ 0.18).
The present study examined the role of AMPA receptor endocytosis in the encoding, consolidation, and retrieval of object recognition memory. Using intra-PRh microinfusions of the Tat-GluA2 3Y interference peptide which disrupts the regulated endocytosis of GluA2-containing AMPA receptors, we transiently and specifically blocked AMPA receptor endocytosis during these three discrete phases of memory (Fig. 1) . The results indicate a distinct role for AMPA receptor endocytosis in the PRh during the retrieval but not the encoding or early consolidation of the memory (Fig. 2) .
The spontaneous object recognition memory test used in the present experiments is a well-established assay for examining recognition memory in rodents (Ennaceur and Delacour 1988) . It is particularly suitable for examining the neural mechanisms of memory, as confounds related to reward or extensive rule learning are minimized. In both experiments, a repeated-measures design was implemented as is common in studies using the spontaneous object recognition memory test (Hannesson et al. 2004; Winters and Bussey 2005a) . In the first experiment, total exploration times for the sample and test phases did not differ among groups (Table 1 ). In the second experiment, rats in both treatment groups displayed lower total exploration times during the test phase than during the sample phase when all 4 min were considered but not when the first 2 min were considered. While it is not clear why total exploration was reduced during the second half of the test trial for these rats, it may be accounted for by short-term habituation to the objects and recognition task over a test day (Howland and Cazakoff 2010) . Importantly, lower exploration during the test trial was observed in both the control and Tat-GluA2 3Y -treated animals, indicating that infusion of the peptide was not responsible for this effect. These data suggest that the observed disruption of memory retrieval following Tat-GluA2 3Y infusion cannot be attributed to a nonspecific effect of the Tat-GluA2 3Y peptide on exploration or general motor activity.
To our knowledge, this is the first study demonstrating a pharmacological disruption of PRh-dependent object recognition memory specific to the retrieval phase. Using a different interference peptide, Griffiths et al. (2008) provide direct evidence supporting the role of AMPA receptor endocytosis in object recognition memory. The peptide (DA843-Q853 or G2CT) is also derived from a short section of the carboxyl tail of the GluA2 subunit and blocks the interaction of AMPA receptors with the clathrin adaptor protein AP2 (Lee et al. 2002; Collingridge et al. 2010) . Intra-PRh expression of the DA843-Q853 peptide disrupted object recognition memory at delays of 5 min and 24 h. However, the lentiviral expression system used to express the peptide does not have the temporal specificity necessary to examine the effects of the peptide during the different phases of memory. Our present results support the assertion that the GluA2-subunit-containing AMPA receptor endocytosis in the PRh is specifically required for the retrieval of object recognition memory.
The highly selective action of the Tat-GluA2 3Y and DA843-Q853 peptides in blocking the regulated endocytosis of GluA2-containing AMPA receptors (Lee et al. 2002; Ahmadian et al. 2004; Collingridge et al. 2010) suggests that mechanisms consistent with synaptic weakening or LTD in the PRh are involved in recognition memory retrieval. Long-term depression in the PRh has been hypothesized to be critical for PRh-dependent object recognition memory (Brown and Bashir 2002; Massey and Bashir 2007; Massey et al. 2008; Collingridge et al. 2010) , and several lines of evidence in rodents and primates support this hypothesis.
Neurons in PRh slices demonstrate a propensity for LTD upon lowfrequency stimulation (Cho et al. 2000; Warburton et al. 2003; Griffiths et al. 2008; Seoane et al. 2009 ). In vivo electrophysiological studies have shown that upon the second, but not first, exposure to a stimulus, single neuron responses in the PRh display attenuated responding in monkeys and anesthetized rats (Fahy et al. 1993; Xiang and Brown 1998) . Activation of PRh neurons, as assayed by c-fos expression, is also reduced upon repeated exposure to familiar pictures Seoane et al. 2009) . Similarly, the test trial used in the present study also involves presentation of one copy of the familiar object and a novel object (Fig. 1) . Thus, it is possible that re-exposure to a familiar stimulus may be the trigger for AMPA receptor endocytosis.
While it is tempting to speculate that the results of the study by Griffiths et al. (2008) and the present experiments are congruent, some unresolved issues exist. Most importantly, the upstream regulators resulting in the endocytosis of AMPA receptors during Figure 2 . The effects of blocking AMPA receptor endocytosis object recognition memory. Because novel objects may become familiar with increased exploration time, data were analyzed both during the entire 4 min and the first 2 min of test exploration. Infusion of the Tat-GluA2 3Y peptide prior to the test but not the sample phase disrupts memory during 4 min (A) or the first 2 min (B) of the test phase. Infusion of the Tat-GluA 3Y peptide immediately following the sample phase did not influence memory for the previously encountered object when either 4 min (C) or the first 2 min (D) of the test trial were considered. Data are displayed as the mean discrimination ratio + the standard error of the mean. Asterisks denote significant differences from all other groups.
AMPA receptor endocytosis and memory retrieval www.learnmem.org the retrieval of object memory are unknown. Electrophysiological recordings from slices have shown that NMDA receptors, group I and II mGluRs, muscarinic acetylcholine receptors, and L-type VDCCs are required for LTD induction in the PRh (Cho et al. 2000; Warburton et al. 2003; Massey et al. 2004; Seoane et al. 2009) , and the possibility exists that Tat-GluA2 3Y disrupts the AMPA receptor-dependent expression of LTD following activation of one or a combination of these receptors types. Specifically, both the Tat-GluA2 3Y and DA843-Q853 peptides have been demonstrated to block NMDA receptor-dependent LTD in a number of brain areas including the PRh (Griffiths et al. 2008; Collingridge et al. 2010) . However, blockade of NMDA receptors in the PRh prior to or immediately after encoding, but not prior to retrieval, disrupts object recognition (Abe et al. 2004; Winters and Bussey 2005a) . Similarly, group I and II mGluR or cholinergic antagonists disrupt object memory when given prior to encoding but are without effect when delivered prior to retrieval (Warburton et al. 2003; Barker et al. 2006) . These findings provide correlational support for the role of LTD in the encoding of object recognition memory. However, in addition to their role in LTD, membrane receptors are involved in numerous excitatory and synaptic processes (Ferraguti and Shigemoto 2006; Rebola et al. 2010; Nicoletti et al. 2011) . The possibility exists that blocking these receptors prior to the sample phase not only disrupts LTD but also other signaling functions of the receptors, resulting in the observed memory deficits (Collingridge et al. 2010) . Consistent with this assertion is data demonstrating that the blockade of AMPA receptors with CNQX during either encoding, consolidation, or retrieval impairs object recognition memory (Winters and Bussey 2005a) , while L-type VDCC antagonists such as verapamil or diltiazem disrupt object recognition memory (24-h delay) when administered at either encoding or retrieval (Seoane et al. 2009 ). Given that none of the receptors discussed above (NMDA, AMPA, mGluR, acetylcholine, or L-type VDCC) have specific roles in only the retrieval of object recognition memory, future experiments will be necessary to determine the upstream regulators of AMPA receptor endocytosis. AMPA receptor endocytosis requires a complicated series of intracellular events that are specific to the induction trigger (Collingridge et al. , 2010 . Phosphorylation of the tyrosine residues located in the region of the GluA2 subunit mimicked by the GluA2 3Y peptide is one event necessary for the regulated endocytosis of GluA2-containing AMPA receptors (Ahmadian et al. 2004; Hayashi and Huganir 2004) , although it may not be sufficient (Hayashi and Huganir 2004) . Examination of the role of kinases such as those from the SRC family (Hayashi and Huganir 2004 ) may clarify the upstream signaling events that cause GluA2-containing AMPA receptor endocytosis during object recognition memory retrieval.
In summary, these results further support the critical role of mechanisms consistent with LTD in the PRh for object recognition memory. The present report demonstrates GluA2-containing AMPA receptor endocytosis is involved in the retrieval of object recognition memory but not in the initial encoding or consolidation. Taken together, these results suggest that depressed neural responding in perirhinal neurons following reintroduction to familiar stimuli involves the removal of AMPA receptors from the synaptic cleft.
